ABSTRACT. Sexual and asexual reproduction and associated population dynamics were investigated in the colonial ascidian Didemnum rodriguesi Rocha & Monniot, 1993 (Didemnidae) in southern Brazil. Investment in sexual (production of new individuals) and asexual (colony growth) reproduction was compared between seasons. Permanently marked quadrats were repeatedly photographed to measure changes in colonies. Eggs and larvae were counted monthly in collected colonies. This species alternates seasonally between sexual (summer) and asexual (winter) reproduction. In summer, colonies were smaller, brooded eggs and larvae and recruitment rates were greater, while in winter, colony size was larger and eggs and larvae were absent. There is a relationship between fecundity and colony area. Fragmentation and fusion of colonies were similar in summer and winter, as well as mortality. In conclusion, D. rodriguesi has a lifecycle usual for high latitude ascidians with a limited time length for sexual reproduction and alternate investment in sexual and asexual reproduction along the year.
Reproductive strategies are important components of species life-history strategies and also influence persistence and geographical distribution. The production of gametes, especially eggs, is energetically expensive, and therefore strongly sensitive to selective pressures. The different ways by which energy is allocated to growth and reproduction in order to maximize fitness forms the basis of the differing life-history strategies that developed in marine invertebrates (LLODRA, 2002; TARJUELO & TURON, 2004) .
Modular organisms usually have indeterminate growth and are morphologically very plastic (KIM & LASKER, 1998) . Hence, their size and shape may vary throughout life and may change due to varying environmental conditions, as well as to biological interactions. Thus, size and modular organization varies between colonies and within colonies over time (PINEDA-KRCH & POORE, 2004) .
Ascidians comprise marine invertebrate chordates with a wide variety of reproductive and life-history strategies (reviewed by BATES, 2005) . Although hermaphroditic, many species are unable to fertilize their own eggs (LAMBERT, 2005) . Sexual reproduction in colonial ascidians is through the production of male and female gametes, with internal fertilization that follows the release of sperm to the environment that is subsequently taken in by other individuals. In the Didemnidae, embryos are brooded within the tunic and as larvae are released to the sea. Larvae swim briefly until attachment to a suitable substrate when a new colony is initiated (MILLAR, 1971) .
Asexual reproduction in colonial forms occurs in many ways: a colony may divide into smaller units (fragmentation or fission) or zooids may replicate within a colony through budding (colony growth). In a broad definition, there are three types of buds within ascidians: for colony growth (production of new zooids); to make new colonies; and to survive adverse environmental conditions (BATES, 2005) . Colony growth has been studied in a number of ascidians, revealing complex patterns of growth and fission , influence of neighbors (STOCKER & UNDERWOOD, 1991) , or a strong seasonal component coupled with alternating sexual and asexual reproduction (GROSBERG, 1988; TURON & BECERRO, 1992; TURON, 2005) . These patterns suggest that demographic parameters of modular organisms may be a function of organism size rather than age (LINACRE & KEOUGH, 2003) .
Some ascidian species fission very often with many small colonies being more or less continuously generated RYLAND et al., 1984; STONER, 1989; STOCKER, 1991; TURON, 2005) . Fragmentation is also common in many other marine organisms, such as algae (WALTERSA et al., 2002) and marine invertebrates (zoanthids, KARLSON, 1988; gorgonacean corals, LASKER, 1990; bryozoans, COCITO et al., 2001; HUGHES et al., 2004) and is often important for recolonization after extreme environmental stress. In such circumstances, colony fragmentation enables the rapid growth and recovery of a genotype (OKA & USUI, 1944; RYLAND et al., 1984) . In marine environments this process may be fundamental in the life history of an organism, in which it is a strategy of the species for reproduction (endogenous) or is a response to predation or other perturbations (exogenous), or both. Colony fragmentation may also be a dispersal mechanism, especially important for invasive species such as Didemnum sp.A (BULLARD et al., 2007; VALENTINE et al., 2007a) .
Fusion of colonies is also an important life-cycle trait for species that have aggregate recruitment with near proximity of siblings (Botryllus schlosseri Pallas, 1766 -GROSBERG & QUINN, 1986 GROSBERG, 1987; Trididemnum solidum (Van Name, 1902 . A possible explanation for the evolutionary maintenance of chimeras (mixed genotypes) is the enhancement of physiological tolerance (GROSBERG & QUINN, 1986) or the promotion of heterozygozity by the resorption of the more homozygous partner (RINKEVICH & WEISSMAN, 1992) .
Modular growth, fragmentation and fission of colonies are part of the life-cycle of the encrusting ascidian Didemnum rodriguesi Rocha & Monniot, 1993 which is relatively common in sublitoral rocky substrates of southeastern (ROCHA & BONNET, 2009 ) and southern Brazil (ROCHA et al., 2005) . Here we studied reproductive strategies of D. rodriguesi in terms of investment in sexual and asexual reproduction and their associations with mortality and fusion rates to test for the relative importance and consequences of each mode of reproduction. Specifically, we examined egg and larvae production and recruitment (sexual reproduction), colony size, growth and fragmentation (asexual reproduction), and their interactions and seasonality to better understand population dynamics of modular marine organisms.
MATERIAL AND METHODS
Arvoredo Island (27°17'44''S, 48°21'59''W) in the state of Santa Catarina, in southern Brazil is a marine reserve at the confluence of the Brazilian current (warm water) and the Malvinas current (cold water). This study was carried out in Vital Bay on the island, where the D. rodriguesi, was studied at 6 -8 m depth.
To measure sexual reproduction, 10 randomly selected colonies that varied in size were collected from different rocks each month from July 2003 to May 2004. Colonies were preserved in formalin 4%. Spicules within the colonies were decalcified with HCl 3% to allow the observation and counting of eggs, incubated larvae and zooids, using a stereo dissecting microscope.
To measure colony dynamics (asexual reproduction) and recruitment (sexual reproduction), photographs were taken repeatedly of permanent quadrats (12 x 18 cm, n = 11 in summer, 9 in winter). Dynamics here were changes in size and abundance of colonies, as well as events of fusion or fission. Quadrats were permanently marked to insure photographs were taken of the same locations. Photographs were taken with a macro lens for Sea and Sea Motor Marine 35 MX-10 under water camera. Time interval between photographs varied from 7-18 days.
Dates of photographs (all in the year 2004) were 29 January, 9 February, 14 February, 3 March, 13 March (summer) and 11 June, 19 June, 26 June (winter). Sample size was unequal due to inclement weather.
Sexual reproduction (as recruitment), asexual reproduction (colony fragmentation and growth), and other demographic events (attrition rates, mortality and colony fusions) were measured, counted or estimated from photographs. To analyze these processes over time, we followed approximately 10 easily recognizable colonies in each photograph. The number of recruits and mortalities were summed in each photograph by date of collection. Each new colony that appeared in a picture in a previously empty space was counted as a recruit. Mortality was counted when a colony disappeared from a picture. If a colony appeared in one picture, but was absent from the subsequent picture, it was counted as both a recruit and a death each on the appropriate date. Mortality rates were calculated as the number of events divided by the number of colonies and the time interval. Fusions and divisions (fragmentation) events were easily counted because of the shape change from one photograph to the next. Fusion and division rates were also estimated.
Growth of D. rodriguesi is complex because colonies may increase or decrease in area and fuse or fragment. Therefore, change in area may be positive (growth) or negative (attrition). Since density of zooids is relatively constant, growth implies the addition of zooids while attrition implies the loss of zooids. To estimate change in area (for both, growth and attrition) we used only clearly identifiable colonies that did not fragment or fuse during the time interval from one photograph to the next. Colony area was measured using Sigma Scan Pro 2.0, and change in area was estimated as the difference in area from one photograph to the nextgrowth was when the difference was positive, attrition when the difference was negative.
Statistical Analysis. Student's t -tests were used to compare colony size, egg and larvae production and mortality between seasons. Number of divisions, fusions and deaths of colonies were compared between seasons after controlling for the number of colonies and the time interval between observations by means of regression analysis. Data were tested to meet the assumptions of each analysis and when necessary the appropriate transformations were applied (see Results). All tests were considered significant when p < 0.05.
RESULTS
Sexual reproduction. Reproduction (eggs and larvae) only occurred between November and May (June was not measured). Similarly, many more recruits were counted during summer (n = 230, or a mean of 0.48 recruits per colony counted) than winter (n = 17, or a mean of 0.04 recruits per colony counted, t = 4.81, df = 15, p < 0.05, Figs. 1, 2) .
For analysis of colony area and fecundity, colonies were divided into four groups: with neither eggs nor larvae, with eggs but without larvae, with larvae but without eggs and with both, eggs and larvae. This comparison only included months in which eggs or larvae were found. Colonies increased in size with increasing investment in reproduction: non-sexually reproductive colonies were smallest, colonies with both eggs and larvae were largest, and reproductive status explained nearly 20% of the variation in colony size (F 3, 126 = 10.7, r 2 = 0.18, p < 0.05, Fig. 3 ). Due to few colonies with larvae only (n = 7), this treatment was not different from the others, all of which were different from each other: colonies with eggs and larvae (mean = 80.0 mm 2 , se = 1.15, n = 34), eggs only (mean = 50.4 mm 2 , se = 1.10, n = 22) and non reproductive colonies (mean = 32.4 mm 2 , se = 1.10, n = 67, Tukey p < 0.05, Fig. 3 ) colonies. Similarly, both the number of eggs and the number of larvae and, consequently, the sum of the two, were positively correlated with colony area (Spearman's rho > 0.45, all p < 0.05). Thus, there is a relationship between fecundity and colony area. Area of the smallest colony with eggs was 26 mm 2 . Asexual reproduction. Colonies were larger in winter (mean = 55.2 mm 2 , se = 1.09; summer mean = 14.7 mm 2 , se = 1.08, t = 11.3, df = 276, p < 0.05). Due to unequal sample size, a random sample of 139 of the summer measurements was taken for this comparison.
Comparisons of growth and attrition rates between summer and winter required that we controlled for time interval between photos as well as original area of the colony. This was accomplished through multiple regression from which residuals were taken to compare growth rates between seasons. Thus, the growth rate (area of growth per day per original colony area) was greater in winter (0.029 mm 2 day -1 mm , t = 0.92, df = 194, p > 0.2). Zooid density was independent of colony area (r = -0.13, df = 74, p > 0.2) and therefore more or less constant. Hence, the number of zooids was correlated with colony area (r = 0.89, df = 74, p < 0.05). Zooid density was also independent of season (t = 0.13, df = 77, p > 0.02). The number of fusions, divisions and colony death were independent of season (all p > 0.10).
DISCUSSION
Didemnum rodriguesi alternates seasonally between mostly asexual reproduction in winter and sexual reproduction in summer. Fewer and larger colonies are found in the winter. Growth rate is somewhat greater and is combined with larger colony size in winter, for greater absolute colony growth during this period. There is a positive correlation between the total number of zooids and colony area and this means that the increase in colony size includes zooid replication (asexual reproduction). Further, from July 2003 until October 2003 (winter and spring) neither eggs nor larvae were found within colonies and very few recruits were seen in the marked quadrats.
Figs. 1, 2. Two measures of sexual reproduction, egg and larvae of the Didemnum rodriguesi Rocha & Monniot, 1993 : 1, production; 2, recruitment. Egg and larvae production are counts controlling for colony area and adjusted to 1 cm 2 . Fig. 3 . Relationship between reproductive status and colony size of the Didemnum rodriguesi Rocha & Monniot, 1993 . Colonies with both larvae and eggs tend to be largest (F 3, 126 = 10.7, r 2 = 18, p < 0.05). Data were log transformed for analyses, but converted to the original scale for illustration. Three of the four treatments (neither, eggs, eggs and larvae) were all different (Tukey, p < 0.05) in the predicted direction.
Other species of colonial ascidians also alternate sexual and asexual reproduction (GOTELLI, 1987; DAVIS, 1989a; DURANTE & SEBENS, 1994) and this tendency of the lifecycle is frequently associated with the geographic distribution of the colonies. Temperature is one of the most important physical factors controlling the life cycle of marine organisms (BHAUD et al.,1995) and apparently determines whether sexual reproduction occurs year round or only in warmer months (MILLAR, 1971) . Changes in water temperatures have been shown to affect gametogenesis and embryonic development. For example, there is a positive correlation between water temperature and larval release for the colonial ascidian Podoclavella moluccensis Sluiter, 1904 (DAVIS, 1989b BINGHAM, 1997) . A trend of increased asexual growth in colder temperatures was also found for five species of colonial ascidians from the northwestern Mediterranean (TURON & BECERRO, 1992) . Also, the invasive Didemnum sp. subjected to experimental changes in temperature showed a weak but significant negative correlation between temperature and growth rate (MCCARTHY et al., 2007) .
While growth was greater during winter, attrition is similar between seasons. Zooid regression and subsequent decrease in colony size is common in ascidians, especially in didemnids. Polysyncraton lacazei Giard, 1872, for instance, ceases to feed when it resorbs the branchial portion of the zooids and during zooid budding. This process is interpreted as rejuvenation that may extend the life span of the zooids (TURON, 1992) . Degeneration also occurs spontaneously in colonies of Trididemnum solidum, when parts of the colony become covered with a mucus layer and subsequently disintegrate .
Attrition was greater than growth rate during the summer, but approximately equal to growth rate in winter, when growth rate was also greatest. These suggest that there may be a cost to sexual reproduction that occurs primarily during the summer. If so, this implies that both replication and survival of zooids decline while colonies are involved in sexual reproduction. The exact mechanism of this process merits further study.
Another form of asexual reproduction, colony fragmentation, was similar in summer and winter in D. rodriguesi. Fragmentation is a common reproductive strategy in cnidarians and up to 94% of some populations of plexaurid gorgonacea develop after fragmentation (LASKER, 1990) . Fragmentation of colonial organisms may be a mechanism to increase genotype growth rates (KARLSON, 1988; STONER, 1989) . Perhaps colonies that arise through fragmentation temporarily avoid the stages of sexual reproduction during which attrition rates are greater and thereby increase life span of each resulting fragment. In another congeneric didemnid, ability to fragment contributes to its competitiveness and its potential as a threat to benthic marine habitats and aquaculture in the northwestern Atlantic (VALENTINE et al., 2007b) . Also, when an individual colony dies after fragmentation, its potentially immortal genotype may survive in other colonies . Predation may be an important cause of fragmentation. Fish, especially Diplodus argentus Valencienes, 1830 (Sparidae) were frequently observed foraging on the substrates that also supported D. rodriguesi. While observing fish actually consuming ascidians is difficult, colonies were seen drifting near the substrate while fish foraged. Also predation is probably often incomplete and parts of the colony may remain in the original location. Thus, colonies that survive partial predation may then grow and continue to reproduce both sexually and asexually.
The aggregate distribution pattern of D. rodriguesi may result from larvae limited dispersal (GROSBERG, 1987) or from extensive fragmentation in which fragments remain in place. Both mechanisms result in genetically related neighboring colonies and consequently fusion is more likely. The maintenance of fusion in the life history of didemnid and botryllid ascidians suggests that benefits accrue and surpass the costs of cell parasitism or zooid resorption associated with fusion (RINKEVICH & WEISMANN, 1992) . Fusions of colonies of D. rodriguesi were constant throughout the year. Fusion results in rapid changes in colony size. Fusion of genetically identical colonies of Trididemum solidum rapidly produced large colonies , which may permit more rapid reproduction if a minimum colony size is necessary to initiate reproduction. Fusion may also reduce the probability of predation. For example, larger zoantid colonies have greater survival rates, competitive ability and reproductive success (KARLSON, 1988 , but see RINKEVICH & WEISSMAN, 1992 ). An inverse correlation between colony size and predation occurs in at least two species of colonial ascidians (TURON & BECERRO, 1992) . Finally, fusion may increase the possibility of outcrossing during sexual reproduction.
Apparently, a minimum size for sexual reproduction occurs in D. rodriguesi. While smaller colonies were counted and followed, ~25 mm 2 was the smallest colony with eggs and larvae. Many organisms show a positive correlation between fecundity and body size, such as the tunicate Botryllus schlosseri (HARVELL & GROSBERG, 1988) . As shown here, colony size increases with sexual reproduction. Therefore, two possibilities exist to explain small reproductive colonies. Either small sexually reproductive colonies are in good conditions for growth, or they are fragments of larger, already reproductive, colonies. Regardless, the minimum size at sexual reproduction suggests that there is a trade off between growth and reproduction and below some size, growth is most important. To test these hypotheses will require finer resolution of colony dynamics on the time scale of days instead of weeks.
In conclusion, the life cycle of D. rodriguesi alternates between sexual reproduction in the summer and growth and survival in the winter. Other forms of asexual reproduction (colony division, zooid budding) may occur throughout the year. This complex of growth, survival, sexual and asexual reproduction, fragmentation and fusion generates complex population dynamics. Understanding these dynamics is fundamental to understand patterns of abundance and distribution as well as current concerns of invasive potential of colonial species. We recommend further study at two scales. First, fine-tuned resolution of the process of survival, fragmentation, fusion and reproduction will require more frequent observations, since these processes may occur very rapidly. Second, genetic studies, such as phylogeographical studies on local and regional scales will help illuminate the consequences for population dynamics of these complex processes.
